Continual and robust spermatogenesis relies on the actions of an undifferentiated spermatogonial population that contains stem cells. A remarkable feature of spermatogonial stem cells (SSCs) is the capacity to regenerate spermatogenesis following isolation from a donor testis and transplantation into a permissive recipient testis. This capacity has enormous potential as a tool for enhancing the reproductive capacity of livestock, which can improve production efficiency. Because SSCs are a rare subset of the undifferentiated spermatogonial population, a period of in vitro amplification in number following isolation from donor testicular tissue is essential. Here, we describe methodology for isolation of a cell fraction from prepubertal bull testes that is enriched for undifferentiated spermatogonia and long-term maintenance of the cells in both the feeder cell coculture and the feeder-free format. To achieve this method, we derived bovine fetal fibroblasts (BFF) to serve as feeders for optimizing medium conditions that promote maintenance of bovine undifferentiated spermatogonia for at least 2 mo. In addition, we devised a feeder-free system with BFF-conditioned medium that sustained bovine undifferentiated spermatogonia for at least 1 mo in vitro. The methodologies described could be optimized to provide platforms for exponential expansion of bovine SSCs that will provide the numbers needed for transplantation into recipient testes.
INTRODUCTION
Spermatogenesis produces millions of spermatozoa daily from puberty until old age, and the foundation for continuity of this process is the actions of spermatogonial stem cells (SSCs). Self-renewal by SSCs sustains a foundational pool from which progenitor spermatogonia periodically arise. The progenitors then amplify in number before committing to a pathway of terminal differentiation that culminates in formation of spermatozoa. Together, SSCs and progenitor spermatogonia constitute the undifferentiated spermatogonial population.
A remarkable feature of SSCs is the ability to produce colonies of continual spermatogenesis following isolation from testes of a donor male and transplantation into testes of a recipient [1] [2] [3] . Methodology to exploit this feature was first developed for mice and can be used to produce recipient males that sire offspring of the donor genotype [2, 3] . This capability provides a means for expansive use of gametes from specific sires, a principal that has major application in livestock production, especially commercial cattle and pig production [4] . Previously, SSC transplantation in pigs to produce recipients with testes containing donor-derived spermatogenesis was reported [5] , but vertical transmission of the donor haplotype by natural mating has not been achieved. Furthermore, SSC transplantation methodology that results in continual donor-derived spermatogenesis in recipient testes has not been reported for cattle.
Rarity of SSCs within testes presents a challenge for isolating the large number of cells required for transplantation into testes of multiple recipient males. Furthermore, the isolation of cells from a small testicular biopsy will be essential for using SSC transplantation methodology with valuable livestock donors. In the testes of adult mice, SSCs have been estimated to comprise 0.03% of the total cell population [6] [7] [8] , and this low frequency is likely similar for other mammals, including cattle and pigs. Assuming that the entire SSC complement can be isolated from a biopsy, the number of cells will be a limiting factor for achieving successful transplantations. For these reasons, the ability to expand the number of SSCs in vitro is crucial for application of transplantation in domestic animal production. Presently, methods supporting the maintenance and expansion of a population of testis cells with characteristics of undifferentiated spermatogonia for long periods of time in vitro have been reported for mice [9, 10] , rats [11] , rabbits [12] , and hamsters [13] . However, unequivocal evidence of maintaining bovine or porcine undifferentiated spermatogonia in vitro for extended periods of time has not been reported, and this limitation is a bottleneck for advancing the development of SSC transplantation as a reproductive tool. In vivo, the actions of SSCs are influenced by a niche microenvironment that provides architectural support for anchorage to special locations in the seminiferous epithelium and a milieu of growth factors secreted from somatic support cell populations. Identification of conditions that support SSC maintenance and proliferation in vitro requires recreating key components of the cognate microenvironment.
Culture of rodent undifferentiated spermatogonia in defined medium with feeder cell monolayers and supplementation of exogenous growth factors supports the maintenance and proliferation of SSCs for long periods of time. Studies by Kubota et al. [9] produced a chemically defined serum-free medium formulation that, when supplemented with a growth factor cocktail consisting of glial cell line-derived neurotrophic factor (GDNF) and fibroblast growth factor 2 (FGF2), supports proliferation of mouse SSCs in coculture with STO mouse embryonic fibroblast feeder cell monolayers. Optimization of this mouse medium formulation led to the development of a condition supporting long-term proliferation of rat SSCs in vitro [11] . In addition, coculture of mouse [10] , rat [11] , and hamster [13] germ cells with mouse embryonic fibroblast feeder cell monolayers in the commercially available medium StemPro also supplemented with GDNF and FGF2 supports SSC proliferation for extended periods of time. Further studies with mice revealed that signaling from the chemokine CXCL12 is important for maintenance of mouse SSCs in vitro [14] and that supplementation of culture medium with the cytokine colony stimulating factor 1 (CSF-1) enhances the self-renewal of SSCs [15] . Presently, the efficacy of culture conditions that support proliferation of rodent SSCs in vitro for maintenance of bovine or porcine SSCs is undefined.
When cocultured with mitotically inactivated feeder cell monolayers under defined medium conditions supplemented with GDNF and FGF2, germ cells from testes of mice, rats, hamsters, or rabbits form clumps with a distinct and conserved morphology that express molecular markers of undifferentiated spermatogonia [9, [11] [12] [13] . These clumps can be expanded in number, and a portion of the cells reform spermatogenesis following transplantation into testes of recipient males, thus proving existence of SSCs within the heterogeneous population. Conditions that support formation of germ cell clumps that are similar in shape to those of rodent cultures have not been reported for any livestock species. In this study, we devised a multiparameter approach to isolate a cell fraction from testes of prepubertal bulls that is highly enriched for undifferentiated spermatogonia. We then identified base culture conditions, including defined medium, feeder support cells, and a growth factor cocktail, that supported formation of germ cell clumps from the isolated cell fractions that are morphologically identical to that of rodent SSC cultures. Furthermore, these clumps were found to express bona fide molecular markers of undifferentiated spermatogonia.
MATERIALS AND METHODS

Animals
All experiments were conducted using 4-to 5-mo-old Holstein bull calves and were approved by the Institutional Animal Care and Use Committee (IACUC) of Washington State University.
Multiparameter Enrichment of Undifferentiated Spermatogonia
Testicular parenchyma (;150 mg) from 4-to 5-mo-old Holstein bull calves was subjected to initial digestion in an enzyme solution of collagenase (1 mg/ ml) and DNase I (0.25 mg/ml) in Hanks balanced salt solution (HBSS) for 10 min at 378C to separate seminiferous cords. Interstitial cells were then depleted from the cell suspension by gravity sedimentation on ice, followed by removing the supernatant and washing in HBSS, the procedure was repeated five times. The resulting seminiferous cord fragments were digested in a solution of trypsin (0.25%), EDTA (0.5 mM), hyaluronidase (0.5 mg/ml), and DNase I (0.25 mg/ ml) at 378C for 5-10 min to generate a single-cell suspension, and the reaction was terminated by addition of fetal bovine serum (FBS). Cells were then washed in HBSS, twice, by using centrifugation, followed by being overlaid on a continuous 30% Percoll (Sigma) gradient and subjected to centrifugation (600 3 g at 48C for 8 min) for separation based on cellular density. The pelleted fraction was collected and washed in minimal essential medium a (MEMa) supplemented with 0.5% bovine serum albumin (BSA; catalog no. A10008-01; Gibco) and StemPro (Gibco, Thermo Fisher). The cell suspension was then subjected to differential plating on gelatin-coated plastic culture wells for 24 h. On the next day, nonadherent cells were removed by swirling and washing with fresh medium. The nonadherent population was considered the spermatogoniaenriched fraction.
Feeder Cell Preparation
A bovine (Angus) fetus was collected at 37 days postconception, and the head, organs, and gonads were removed. The carcass was then digested with an enzyme solution of 0.25% trypsin, 0.5 mM EDTA, hyaluronidase (0.5 mg/ml), and DNase I (1 mg/ml) in HBSS to generate a single-cell suspension. Cells (bovine fetal fibroblasts [BFF]) were plated in a 10-cm dish and maintained in Dulbecco modified Eagle medium ([DMEM] Gibco, Thermo Fisher) with 7% FBS. To prepare feeder cell monolayers, BFFs were mitotically inactivated by treatment with mitomycin C (20 lg/ml) for 4-5 h, followed by extensive washing in HBSS.
Germ Cell/Feeder Cell Coculture
Feeder cells (mitomycin C-treated BFFs) were prepared for coculture with isolated germ cells by plating at a density of 2 3 10 5 cells per well in a 12-well plate precoated with gelatin. After 2-3 days of plating, when the BFFs formed a monolayer, spermatogonia isolated by multiparameter selection were added at a concentration of 1 3 10 5 cells per well. Cultures were then maintained in various growth media (detailed in Tables 1 and 2 ). OATLEY ET AL.
Western Blot Analyses
Protein lysates were collected from cells using radioimmunoprecipitation assay buffer (RIPA) supplemented with phosphatase and protease inhibitors and protein concentration was determined using a bicinchoninic acid (BCA) assay (Thermo Fisher). Approximately 50 lg of total protein was separated by electrophoresis in a NuPAGE 4%-12% Bis-Tris gel (Invitrogen) and then transferred to a nitrocellulose membrane. Blots were then blocked by incubation in phosphate-buffered saline (PBS) containing 0.5% BSA for 1 h, followed by incubation overnight with primary antibodies against ZBTB16 or LIN28 (Supplemental Table S1 ; all supplemental data are available online at www.biolreprod.org) in PBS containing 0.5% BSA. On the next day, blots were washed in Tris-buffered saline with Tween 20 and then incubated with horseradish peroxidase-conjugated secondary antibody. Signal was detected using chemiluminescent substrate (PicoWest; Thermo Scientific), and images were captured using a luminescent imager (Fuji Medical Systems). As a loading control, blots were stripped and reprobed for tubulin-beta 1 (TUBB1; Novus Biologicals).
Immunohistochemical Staining of Bovine Testis CrossSections
Approximately 100 mg of pieces of testicular parenchyma were fixed by immersion in Bouin solution, then dehydrated, and embedded in paraffin. Cross-sections of 5-lm thickness were created and adhered to glass slides. Following deparaffinization, antigen retrieval was achieved by boiling sections in Na citrate buffer (pH 6.0). Sections were then incubated with 10% normal serum for 30 min to block for nonspecific antibody binding, followed by overnight incubation at 48C with primary antibodies (Supplemental Table S1 ) diluted in PBS containing 0.5% BSA. On the next day, sections were washed in PBS and incubated with either biotinylated or fluorophore-conjugated secondary antibody (Supplemental Table S1 ) for 2 h at room temperature. For colorimetric staining, samples were again washed in PBS and developed with a horseradish peroxidase-conjugated streptavidin kit (Vector Laboratories). Hematoxylin counterstaining was used to visualize cell nuclei. For immunofluorescence, sections were washed in PBS, and glass coverslips were mounted with aqueous medium containing 4 0 ,6-diamidino-2-phenylindole (DAPI; Life Technologies).
Immunocytochemical Staining of Multiparameter-Selected and Cultured Cattle Testis Cell Populations
For examination of multiparameter-selected cell populations, ; 5 3 10 4 cells were adhered to poly-L-lysine-coated coverslips and then fixed by incubation in 4% paraformaldehyde (PFA) for 10 min at 48C. For examination of cultured germ cell clumps, wells were washed with HBSS and then fixed by incubation in 4% PFA for 10 min at 48C. Cells were then washed in PBS and permeabilized by incubation in PBS containing 0.1% Triton X-100. Nonspecific antibody binding was blocked by incubation with 10% normal serum for 5 min at room temperature. Cells were again washed with PBS and incubated with primary antibodies (Supplemental Table S1 ) diluted in PBS containing 0.5% BSA and 0.1% Triton X-100 at 48C overnight. On the next day, cells were washed in PBS and incubated with secondary antibody (Supplemental Table S1 ) for 1 h at 48C. Cells were again washed in PBS and then incubated with DAPI in PBS to label cell nuclei, viewed by fluorescence microscopy, and captured using using digital images (DP72 camera and CellSens software; Olympus). Quantification of the percentage of cells in multiparameter-selected and unselected cell populations that were ZBTB16-positive (ZBTB16 þ ) was achieved by counting fluorescently stained cells in 10 different fields of view for each coverslip and dividing by the corresponding number of DAPI-stained nuclei in the same fields of view.
Whole-Mount Immunostaining of Seminiferous Cords
Approximately 50 mg of testicular parenchyma was gently manipulated with forceps to separate seminiferous cords, followed by fixation in 4% PFA at 48C for 8-10 h. Cords were then semidried at room temperature for 30 min and permeabilized on ice for 1 h by incubation in PBS containing 0.2% NP-40 (Sigma). Samples were then serially dehydrated by incubation in 25%, 50%, 75%, and 100% methanol, diluted in PBS containing 0.2% tween (Sigma) for 4-8 h each at 48C. For immunostaining, cords were washed in PBS containing 0.2% Tween, followed by incubation in PBS with 10% normal serum and 1% BSA for 1 h at room temperature. Cords were then incubated at 48C with antibodies against either LIN28 or ZBTB16 (Supplemental Table S1 ) for 24 h, followed by extensive washing in PBS. For secondary detection, samples were then incubated for 1 h at room temperature with fluorophore-conjugated secondary antibodies. Finally, samples were rinsed in ethyl alcohol, incubated with PBS containing DAPI, spread on glass slides, and then visualized using an SP5 (Leica) confocal microscope.
Feeder-Free Germ Cell Culture
After multiparameter enrichment or following a period of feeder coculture, single-cell suspensions of germ cells were seeded on plates coated with either Matrigel (Corning Life Sciences) or laminin (Becton Dickinson). Cells were maintained in either fresh medium (Table 2) or BFF-conditioned medium at 358C in an atmosphere of 5% CO 2 and 21% or 10% O 2 . For conditioning, growth medium was added to mitotically inactivated BFFs for 24 h and then collected and filtered through a 0.22-lm filter. A cocktail of growth factors (Table 1) was then added to the conditioned medium prior to use for culture of germ cells. Medium (conditioned and unconditioned) was replaced every 2 days for the duration of the culture period.
EdU Incorporation Assay
Assessment of germ cell proliferation in culture was achieved using a 5-ethynyl-2 0 -deoxyuridine (EdU) imaging kit (Click-iT EdU Alexa Fluor 488; Life Technologies). Briefly, cells were incubated with 20 lM of EdU for 2 h under normal growth conditions and single-cell suspensions were then generated by incubation in 0.25% trypsin/EDTA. The percentage of cells that incorporated EdU was detected following manufacturer's instructions and used a flow cytometer (Guava EasyCite; Millipore).
RT-PCR Analysis
Samples of RNA were isolated using Trizol reagent and treated with DNase I, followed by reverse transcription using oligo(dT) priming and reverse transcriptase (Superscript III; Invitrogen). For assessing the expression of GAPDH, NANOS2, GFRA1, LIN28, and ZBTB16, PCR reactions were conducted with primers designed to recognize reported bovine sequences (Supplemental Table S2 ). For the gene ID4, the bovine mRNA sequence has not been reported, so primers were designed to recognize a conserved region of the mouse, human, and pig sequences (Supplemental Table S2 ). Basic Local Alignment Search Tool (BLAST) analysis revealed 100% alignment with a predicted bovine ID4 sequence. All PCR products were visualized by agarose gel electrophoresis.
Apoptosis Analysis
The percentage of apoptotic cells in multiparameter-selected populations was determined using a nexin assay kit (Guava Nexin; Guava Technologies) according to the manufacturer's instructions and a flow cytometer (Millipore).
Statistical Analysis
Differences between means were determined using unpaired/two-tailed ttests (Prism software; GraphPad, Inc.).
RESULTS
Validation of Biomarkers for Undifferentiated Spermatogonia in Testes of Cattle
Evaluation of methods for the isolation and culture of undifferentiated spermatogonia requires assessing the expression of specific molecular markers. In testes of mice, expression of the transcription factors ZBTB16 and LIN28 is restricted to undifferentiated spermatogonia [16] [17] [18] . Here, we examined expression of these markers in testes of Holstein bull calves at the age of 4-5 mo, a point in prepubertal development when Sertoli cells and undifferentiated spermatogonia are the only cell types present in seminiferous tubules [19] . Immunohistochemical staining of testis cross-sections revealed that both ZBTB16 (Fig. 1A) and LIN28 (Fig. 1B) expression are localized exclusively to the germ cell component. Moreover, immunostaining of whole-mount seminiferous tubules revealed expression by individual cells but not chains of spermatogonia (Fig. 1, C and D) . These findings demonstrate that expression of at least some genes in undifferentiated spermatogonia is CULTURE OF CATTLE SPERMATOGONIA conserved in rodents and cattle and the protein products can therefore be used as biomarkers for assessing the efficacy of isolation and culture methodologies.
Isolation of an Undifferentiated Spermatogonial Fraction From Testes of Prepubertal Bulls by Multiparameter Selection
Establishing a primary culture of undifferentiated spermatogonia requires isolation of a testis cell fraction that is enriched for these cells to serve as starting material. This step removes somatic cells which tend to have greater propensity for growth in vitro, thus creating a less than ideal environment for maintenance of germ cells that tend to divide at a slower rate. Here, we devised a multiparameter approach for isolating a cell fraction enriched in undifferentiated spermatogonia from testes of prepubertal bulls. Based on immunocytochemical staining for expression of ZBTB16 ( Fig. 2A) , the multiparameter selection yielded a population in which a mean 6 SEM of 73.7% 6 6.1% of the cells (n ¼ 3 isolation procedures from different bulls) were undifferentiated spermatogonia, which represents a significantly (P ¼ 0.0004) greater enrichment of 14.5-fold compared to the mean 6 SEM 5.1% 6 1.5% of cells (n ¼ 3 isolations from different bulls) that were undifferentiated spermatogonia in the unselected testis cell population (Fig.  2B) . This enrichment for ZBTB16-expressing cells was confirmed by Western blot analysis (Fig. 2C) . Furthermore, apoptosis analysis revealed that 75.7% 6 3.9% (n ¼ 3 isolated cell populations from different bulls) of the cells were viable in the multiparameter-selected fraction. Collectively, these findings demonstrate that multiparameter selection yields a viable cell population from testes of donor prepubertal bulls that is enriched for undifferentiated spermatogonia.
Identification of Culture Conditions That Support Formation of Germ Cell Clumps From the Isolated Undifferentiated Spermatogonial Fraction of Prepubertal Bull Testes
Having devised a means for isolating a cell fraction that is enriched for undifferentiated spermatogonia from testes of prepubertal bulls, we next aimed to identify conditions that supported their maintenance in vitro. To begin, we assessed the maintenance of bovine spermatogonia in serum-free media formulations reported previously to support long-term culture of mouse and rat undifferentiated spermatogonia (Table 1) . Also, we evaluated the effectiveness of serum containing media formulations reported previously to support proliferation of putative germ cells from cattle and buffalo (Table 1 ). In addition, we generated primary cultures of BFFs for use as mitotically inactivated feeders. The serum-free media formulations contained BSA and/or StemPro as the replacement, and all media were supplemented with recombinant human forms of GDNF, FGF2, and LIF. In initial experiments, cultures were maintained at 378C and an atmosphere of 5% CO 2 and 21% O 2 in which the long-term maintenance of rodent undifferentiated spermatogonia and putative bovine germ cells is supported. Under all rodent serum-free conditions examined, we observed the formation of germ cell clumps with shapes similar to those in cultures of rodent undifferentiated spermatogonia within 1 week (Fig. 3A and Table 1 ). However, similar clumps were never observed in the serum containing culture conditions reported previously to support bovine germ cells [20] [21] [22] [23] [24] . Instead, masses of overgrowth were observed that were similar in shape to what had been described as germ cells in previous studies [20] [21] [22] [23] [24] , but we found that they stained for expression of smooth muscle actin (SMA) and vimentin, which are wellknown markers of somatic cells (Supplemental Fig. S1 ). In addition, the masses formed monolayers of fibroblasts after they were disassociated with trypsin and replated onto new OATLEY ET AL. plastic culture wells (Supplemental Fig. S2) . Moreover, the population was found to be a heterogeneous mixture of somatic cells based on immunostaining for expression of several markers of testicular somatic cells (Supplemental Fig. S2 ), including SOX9 (a marker of Sertoli cells), GATA4 (a marker of Sertoli and Leydig cells), and 3bHSD (a marker of Leydig cells). Thus, we concluded that these masses were indeed derived from somatic cells, and we discontinued use of the serum containing media formulations reported previously to support proliferation of bovine germ cells in vitro.
In serum-free cultures, the cattle germ cell clumps could be maintained for approximately 1 wk, on average, but were lost after being subcultured to fresh feeders. To improve the condition, we made alterations to the base medium formulation (Table 2) , which supported maintenance of the clumps for ;3 wk. Importantly, expression of the undifferentiated spermatogonial markers ZBTB16 and LIN28 were detectable in the cattle spermatogonial cultures by immunostaining (Fig. 3B) . In addition, ZBTB16 expression was confirmed by Western blot analysis (Fig. 3C) , and LIN28 expression was confirmed by RT-PCR analysis (Fig. 3D) . Furthermore, the genes for several other markers associated with mouse undifferentiated spermatogonia and SSCs, including GFRA1 [25, 26] , ID4 [27, 28] , and NANOS2 [29, 30] , were found to be expressed by the cultured cattle germ cell clumps by using RT-PCR analyses (Fig. 3D) . Outcomes of RT-PCR analyses demonstrated that the BFF feeders do not express ZBTB16, LIN28, GFRA1, or NANOS2 (Fig. 3D, Supplemental Fig. S3 ). The BFF cells do express ID4, which is not surprising considering that ID4 expression is not germline-specific. However, the relative level of ID4 expression appeared to be much greater in samples from germ cell/feeder cell coculture than in feeder cells, indicating that the germ cells do indeed express the SSC marker (Fig.  3D) . Although the germ cell clumps could be maintained for multiple weeks and appeared to be undergoing proliferation, they gradually declined in number as time in culture increased and eventually disappeared. Collectively, these findings revealed an in vitro condition that supports establishment and CULTURE OF CATTLE SPERMATOGONIA short-term maintenance of a primary culture of cattle undifferentiated spermatogonia, with characteristics that are very similar to those of primary cultures of mouse and rat counterparts.
Long-Term In Vitro Maintenance of Cattle Undifferentiated Spermatogonia Is Influenced by Low Oxygen and Reduced Temperature
Next, we aimed to modify the conditions to promote longterm maintenance and expansion of the germ cell clumps. Previous studies have demonstrated that various types of stem cells thrive in environments with an O 2 tension lower than that for atmospheric normoxia [31] [32] [33] . In addition, testes of bulls are maintained in a pendulous scrotum outside of the body cavity; whereas, testes of mice transit back and forth from the body cavity. Thus, we reasoned that reduced oxygen tension and temperature would be beneficial for long-term support of bovine spermatogonia. To assess this, we maintained cultures in an environment of 10% O 2 and a temperature of 358C. Under these conditions, germ cell clumps could be maintained for up to 8 wk with passaging onto new feeders every 7-10 days (Fig. 4A) , and expression of the undifferentiated spermatogonial markers ZBTB16 and LIN28 was detectable throughout the culture period (Fig. 4B) . Although we could detect that a portion of the population incorporated the thymidine analog EdU (;22% of cells [n ¼ 2 different cultures examined]), thereby demonstrating active cell division (Fig.  4C) , calculation of total cell number over a 21-day period revealed a steady decline (Fig. 4D) . Ultimately, the clumps gradually diminished, leading to loss of the cultures by 8 wk (n ¼ 10 different cultures). These findings indicated that, although OATLEY ET AL. a environment with reduced oxygen and temperature has a positive influence on maintenance of cattle undifferentiated spermatogonia in vitro, the level of apoptosis was likely greater than the level of proliferation leading to a decline of total cell number. Thus, it is likely that stimuli for proliferation were still missing from the overall culture condition.
Feeder-Free Culture of Bovine Undifferentiated Spermatogonia
From a practical standpoint, coculture of bovine undifferentiated spermatogonia with feeder cell monolayers could be problematic. If the cultured cells are intended for transplantation into the testes of recipient bulls, the presence of feeder cells could have a negative impact on colonization efficiency. Thus, maintaining the cultured undifferentiated spermatogonia in a feeder-free environment prior to transplantation would be of benefit. In vivo, undifferentiated spermatogonia reside along the basement membrane of seminiferous tubules; thus, we reasoned that a feeder-free condition would require coating of plastic culture wells with a substrate that contained components known to make up basement membranes. First, we collected bovine undifferentiated spermatogonial clumps from established BFF feeder cocultures by gentle pipetting and generated single-cell suspensions with trypsin/EDTA digestion. The single cells were then added to plastic culture wells coated with the basement membrane component laminin or the commercially available substrate Matrigel. In initial experiments, we attempted to maintain the cells by using the same medium conditions as feeder-based cultures; however, the formation of germ cell clumps was not observed (n ¼ 3 different cultures), suggesting that feeder cells secrete additional factors that influence maintenance of undifferentiated spermatogonia. Thus, we reasoned that conditioned medium from preincubation with feeder cells would be important for maintenance of bovine undifferentiated spermatogonia in a feeder-free format. To achieve this, we preincubated BFF cells with base serum-free medium for 24 h and then added the growth factor cocktail. Addition of this conditioned medium to cultures of undifferentiated spermatogonia maintained using either laminin-or Matrigel-coated culture wells resulted in the formation of germ cell clumps (Fig. 5A) . We noted greater efficiency in establishing feeder-free cultures using laminincoated culture wells in which 5 of 5 cultures were produced, with 2 of 5 cultures produced with Matrigel-coated culture wells. Next, we initiated feeder-free cultures with cells isolated from testes directly by using a format of laminin-coated plates and BFF-conditioned medium. Clumps of undifferentiated CULTURE OF CATTLE SPERMATOGONIA spermatogonia identical to those generated from established BFF cocultures were observed after 1 wk of culture and persisted for at least 1 mo (Fig. 5A) . Importantly, immunostaining of the feeder-free maintained clumps revealed expression of ZBTB16 indicating maintenance of an undifferentiated spermatogonial phenotype (Fig. 5B) . Although the cultures could be maintained for extended periods of time, the overall growth rate was not sufficient for expanding the population. However, these findings establish a base condition for a feeder-free culture that could be modified in future experiments to promote exponential expansion of the population.
DISCUSSION
The majority of genetic gain in cattle populations is made by selective breeding of desirable sires. Thus, expansive availability of sperm from specific bulls impacts the efficiency and quality of production. Widespread adoption of artificial insemination (AI) procedures in dairy cattle production over the last several decades has provided a means to enhance genetic gain by using gametes of sires with desirable genetics, and this principle has greatly impacted production characteristics worldwide. Implementation of an AI program in cattle requires intensive management, which poses a technical limitation for beef cattle production because a majority of animals are managed under range conditions. Indeed, it is estimated that only 7% of beef cows but 80% of dairy cows in the United States are bred using AI methodology [34] . Thus, there has been a lost opportunity for genetic gain in beef cattle populations that could translate into enhanced production efficiency. Transplantation of SSCs between bulls would provide an alternative tool for expanding the use of gametes from specific sires that overcomes the intensive management limitations of implementing an AI program.
Although SSC transplantation was reported for mice more than 2 decades ago, the adaption to large animals has been limited. For cattle, several reports have emerged over the last 10 yr that suggest limited success in transplanting spermatogonia between bulls [35] [36] [37] . However, definitive proof of SSC engraftment and regeneration of spermatogenesis in the form of vertical transmission of the donor haplotype to offspring has not been reported. Several limitations in translating SSC transplant methodology from rodents to bovine have been realized, including rarity of the cells within the heterogeneous germ cell population and lack of methods to prepare recipient males. Thus, there is need for development of methodologies that overcome these obstacles before SSC transplantation will become a viable option for livestock.
The lack of methods for long-term maintenance of SSCs in vitro has been a major bottleneck of progress for developing SSC transplant methodology in livestock. Because SSCs are a minor subset of the undifferentiated spermatogonial population, isolation from testicular tissue followed by in vitro amplification of numbers is essential for effective application of transplantation procedures. Several previous reports have suggested success in both isolation and long-term maintenance of bovine SSCs in vitro [20] [21] [22] [23] [24] . However, comparison of these results with those reported for rodent undifferentiated spermatogonia that have provided unequivocal evidence of SSC survival and proliferation in vitro has revealed limited similarities [9] [10] [11] 38 ]. An overriding similarity for proven primary cultures of mouse, rat, hamster, and rabbit undifferentiated spermatogonia is the morphological appearance of clump-forming germ cell colonies. All clumps from these species are nearly identical in appearance, and clumps of cells with similar morphology have not been reported in previous studies of bovine germ cells. In contrast, the culture methodology devised in the current study supports the formation of germ cell clumps with nearly identical morphology to clumps formed in mouse cultures (Fig. 3) . Furthermore, the clumps express ZBTB16 and LIN28, which are conserved markers of undifferentiated spermatogonia for both rodents and cattle. Moreover, in our laboratory, the culture methodologies reported in previous studies for putative bovine SSCs did not yield clumps with a morphology similar to bona fide mouse SSC cultures; rather, we found that the masses of cattle cells maintained under those conditions consisted of somatic cells. Thus, our findings provide important advances in methodology for long-term maintenance of primary cultures of cattle undifferentiated spermatogonia.
Studies in mice demonstrated the ability to establish primary cultures of germ cells with undifferentiated and SSC characteristics from prospermatogonia isolated from neonatal testes and type A spermatogonia isolated from juvenile testes [9, 10] . Notably, both of these source cell populations express markers of undifferentiated spermatogonia and a portion of the populations possess regenerative capacity that is a hallmark of SSCs. In the current study, germ cells were isolated from testes of juvenile bulls at 4-5 mo of age, in which a minor portion of the population was prospermatogonia, and the majority of cells were type A spermatogonia [19] . Thus, the cultured cattle germ cell clumps could have been derived from the rare prospermatogonia or the more abundant type A spermatogonia or from a combination. Both of the potential source cell populations can be considered undifferentiated because they express similar markers and possess similar functional capacities. Therefore, regardless of the source, the cattle germ cell clumps in primary cultures supported by the methodology reported in our study can be considered undifferentiated spermatogonia.
A necessity for practical application of SSC transplantation methodology is exponential expansion of the cells in vitro following isolation from donor testes. For application in commercial cattle production, a likely scenario is that testicular tissue will be collected from valuable donor sires by biopsy, and the number of SSCs that can be collected will be limiting. Thus, major expansion of the population in vitro will need to be achieved if the intent is for transplantation into multiple recipient males. Although the methodology presented in this study is not sufficient to promote exponential expansion of cattle undifferentiated spermatogonia, the cells are actively dividing, as shown by EdU incorporation, but the rate of apoptosis is likely greater than the rate of cell division, resulting in a decline of the population numbers over time. Importantly, we anticipate that the methodology reported here will serve as a basis for refinement in future studies that will yield conditions that promote greater survival and ultimately lead to long-term expansion of numbers. A potential approach to improve the conditions is to identify growth factor receptors expressed by the cells in vivo that can serve as identifiers of recombinant forms of the associated ligands for supplementation of culture medium. This approach has worked well for identifying factors that promote proliferation of rodent undifferentiated spermatogonia in vitro [14, 15] . In addition, use of a feeder-free format may be more efficacious for expanding bovine spermatogonia in vitro than feeder-based cultures because feeders present a variable component that is difficult to standardize.
Because SSCs are known to exist as a subset of the heterogeneous undifferentiated spermatogonial populations, our findings are suggestive of their long-term maintenance in vitro. However, unequivocal evidence that cells with the capacity to regenerate continual spermatogenesis is required before definitive conclusions of SSC maintenance can be made. To achieve this, recipient males with testes that will support regeneration of the spermatogenic lineage from transplanted spermatogonia are required. In rodents, transplant recipients are primarily produced by treatment with chemotoxic drugs that eliminate the germline but leave the somatic support cell populations intact [1, [39] [40] [41] . For livestock, treatment with drugs is not a viable option because of the near-lethal doses and sheer amount needed for elimination of endogenous SSCs. Another option is the use of genetically sterile males that lack an endogenous germline due to inactivating mutations of genes that are essential for survival of precursor germ cells (i.e. primordial germ cells or SSCs). Although genetically sterile mutant lines of mice have been generated [2, 42, 43] , lines of cattle with a similar phenotype are unavailable. For these reasons, transplantation is not currently an option for assessing the regenerative capacity of primary cultures of bovine undifferentiated spermatogonia. Thus, caution must be exercised when interpreting outcomes of experiments with primary cultures of germ cells that do not include transplantation analysis. While a cell population may express molecular markers and possess telltale morphological features of undifferentiated spermatogonia, it is possible that SSCs are not present or comprise only a small portion of the population. It will be important in subsequent studies to determine whether the cell populations maintained with methodology reported in the current study contain SSCs, a determination that will be achievable once methodologies for generating suitable recipient males is available.
